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A  differential  3  u>  technique  is  employed  to  determine  the  thermal  conductivity  of  the  AlAs007Sb093 
ternary  alloy,  the  Al09Ga0IAs0  ,07St>o.  93  quaternary  alloy,  and  an  ( A I  As) ,  /( A  I  S h ) , ,  digital-alloy 
superlattice.  Between  80  and  300  K,  the  thermal  conductivities  for  all  three  samples  are  relatively 
insensitive  to  temperature.  The  thermal  conductivity  of  the  (AlAs)!  /(AlSb)u  superlattice  is  smaller 
than  that  of  the  AlAs0  .tnSbo.  93  ternary  alloy,  but  much  larger  than  the  predictions  of  a  model  for 
phonon  transport  across  the  superlattice  interfaces.  ©  2002  American  Institute  of  Physics. 
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INTRODUCTION 

The  antimonide  family  of  III-V  heterostructure  materi¬ 
als  with  lattice  constants  near  6.1  A  has  become  increasingly 
important  as  the  basis  for  electronic  and  optoelectronic  de¬ 
vices  such  as  high-speed  field  effect  transistors,  infrared  la¬ 
sers,  infrared  photodetectors,  and  thermophotovoltaics. 1  x 
Besides  the  binaries  GaSb,  InAs,  and  AlSb,  this  family  in¬ 
cludes  a  number  of  ternary  (Ga,  _  tIntSb,  AIAsvSb]  _x,  etc.) 
and  quaternary  (Ga1_iInl.AsvSb1_y ,  AlrGaj  _A.AsvSb|  _y , 
etc.)  random  alloys,9  as  well  as  superlattices  (e.g.,  InAs/ 
AlSb,  InAs/Ga^j-bifSb)  and  digital  alloys  (e.g., 
Ga,  _xInJ[As/Ga|  _xInxSb,  AlAs/AlSb)  that  provide  numer¬ 
ous  additional  opportunities  for  engineering  of  the  band 
structures  and  electronic  wave  functions. 

Thermal  conductivity  k  is  a  key  parameter  in  many  de¬ 
vice  applications.  This  is  particularly  true  of  lasers,  which 
generate  considerable  quantities  of  heat  that  must  be  dissi¬ 
pated.  While  the  thermal  conductivities  of  GaSb,  AlSb,  and 
InAs  are  well  known,10  few  data  are  currently  available  for 
the  various  antimonide  random  alloys,  digital  alloys,  and  su- 
perlattices.  It  is  known  that  the  thermal  conductivity  of  other 
III-V  alloys  such  as  AlrGa1_l.As  are  lower  than  the  binary 
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endpoints,11  which  is  attributed  to  alloy-disorder  scattering 
induced  by  strain  and  mass-point  defects.12  Although  thermal 
conductivities  have  also  been  reported  for  the  quaternaries 
Al0 1Ga09As052Sb048  (Ref.  13)  (matched  to  InP)  and 
AlrGa|  ,AsvSb|  v  (Ref.  14)  with  x  =  0-0.5  and  lattice 
matched  to  GaSb,  no  previous  data  are  available  for 
AlrGa1_.rAsvSb1_v  with  high  A1  concentrations. 

Thermal  conductivities  in  superlattices  such  as 
GaAs/Al(Ga)As, 15-18  InAs/AlSb19  and  InP/InGaAs20,  are 
much  lower  than  the  predictions  based  on  Fourier  law  and 
bulk  thermal  conductivity  values  of  their  constituents,  and 
tend  to  be  even  lower  than  in  alloys  with  the  same  average 
composition.  Various  models  based  on  minigap  scattering,21 
the  Boltzmann  transport  equation,22'23  and  phonon  group  ve¬ 
locity  reduction24-26  have  been  developed  to  explain  this 
trend.  The  only  previously  published  thermal  conductivity 
measurements  for  antimonide  superlattices  [InAs/AlSb 
(33  A/32  A)]  found  cross-plane  thermal  conductivity  values 
that  were  a  full  1  order  of  magnitude  lower  than  the  bulk 
values  for  both  InAs  and  AlSb.19  The  implication  is  that  such 
layers,  which  have  been  employed  frequently  in  the  injection 
regions  of  antimonide  mid-infrared  lasers,27'28  should  be 
avoided  from  the  thermal  management  standpoint.  Since  ter¬ 
nary  Al AsrSb,  _x  or  quaternary  AI^Ga,  _JtAsySb|  _y  can  pro¬ 
vide  alternative  injection  regions,4  it  is  important  to  deter¬ 
mine  the  thermal  conductivity  for  those  alloys.  A  second 
configuration  of  interest  is  the  “digital  alloy”29’30,  in  which 
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constituent  layers  may  be  as  thin  as  1  monolayer  (ML).  One 
must  be  concerned  by  the  general  decrease  of  the  thermal 
conductivity  with  decreasing  superlattice  period  that  most 
GaAs/Al(Ga)As  experiments  have  observed.15' 18  A  decrease 
into  the  ultrashort-period  limit  would  imply  that  digital  al¬ 
loys  are  also  very  detrimental  to  the  heat  removal  in  high- 
duty-cycle  devices.  However,  one  recent  theory  predicts  the 
presence  of  a  minimum  followed  by  an  increase  of  k  at  the 
shortest  periods.25  Earlier  modeling  results24,31  show  similar 
trends  in  short  period  superlattices,  although  these  studies 
did  not  predict  the  increasing  thermal  conductivity  in  thicker 
superlattices.  There  have  been  no  previous  thermal  conduc¬ 
tivity  experiments  on  III-V  digital  alloys. 

In  the  present  work  we  used  a  differential  3oj  technique, 
in  conjunction  with  a  multilayer  two-dimensional  heat  con¬ 
duction  model,  to  measure  temperature-dependent  thermal 
conductivities  for  three  antimonide -based  materials:  an 
AlAs0.07Sb0.93  ternary  alloy,  an  Al0  9Ga0  lAs0  07Sb0  93  quater¬ 
nary  alloy,  and  an  (AlAs)! /(AlSb)n  superlattice  digital  al¬ 
loy,  all  of  which  have  an  average  lattice  constant  near  that  of 
GaSb.  While  each  of  these  materials  is  important  individu¬ 
ally  as  a  key  constituent  of  lasers  and  other  potential  device 
structures,  it  is  also  instructive  to  compare  the  three  results.  It 
will  be  seen  that  the  thermal  conductivity  of  the  digital  alloy 
is  considerably  higher  than  might  have  been  expected  from 
an  extrapolation  of  earlier  theory  and  data. 


SAMPLE  AND  MEASUREMENT  TECHNIQUE 

The  three  undoped  films  were  grown  by  molecular  beam 
epitaxy  at  three  different  facilities.  All  were  grown  on  GaSb 
substrates  and  protected  by  thin  GaSb  cap  layers 
( 1 00  A ) .  The  AlAs0  07Sb0  93  ternary  alloy  (MIT  Lincoln 
Laboratory)  was  0.62  /jm  thick,  and  its  composition  was 
confirmed  by  x-ray  rocking-curve  data.  The 
Al0  9Ga0  lAs007Sb0  93  quaternary  alloy  (Sarnoff)  was  1.3  /urn 
thick.  The  digital  alloy  (NRL)  comprised  280  repeats  of  an 
( AlAs) !  /( AlSb)  n  superlattice,  for  a  total  thickness  of  1.02 
/rm. 

The  layer  abruptness  of  a  representative 
( AlAs)  |  / ( AlSb)  ]  ]  digital  alloy,  grown  under  similar  condi¬ 
tions  to  the  thermal  conductivity  sample,  was  characterized 
by  cross-sectional  scanning  tunneling  microscopy  (XSTM). 
This  technique  provides  an  “edge-on,”  atomic-scale,  cross- 
sectional  view  of  a  {110}  cleavage  face.  The  XSTM  image  in 
Fig.  1  shows  the  filled  electronic  states  on  the  (110)  surface, 
revealing  the  anion  lattice  (As/Sb)  of  every  other  layer 
grown.32  In  this  gray-scale  image.  As  atoms  appear  darker 
then  Sb,  principally  because  of  the  shorter  bond  length  of  the 
AlAs  versus  AlSb.32  The  image  demonstrates  that  the  As  is 
well  confined,  with  relatively  little  interdiffusion  into  the  1 1 
AlSb  layers  between  each  AlAs  layer,  and  has  not  formed  a 
random  alloy.  Quantitatively,  the  observation  that  the  AlAs  is 
confined  primarily  to  a  single  XSTM  layer/period  implies 
that  its  actual  distribution  is  spread  over  no  more  than  2 
growth  MLs/period  (since  only  every  other  growth  layer  is 
exposed  in  the  image). 

A  differential  3  co  method  was  employed  to  measure  the 
cross-plane  thermal  conductivities  of  the  three  films.  In  the 


FIG.  1.  XSTM  image  of  a  representative  (AlAs)! /(AlSb) n  digital-alloy 
superlattice.  In  this  26.5  nmXl0.4  nm  gray-scale  image.  As  atoms  appear 
darker  than  Sb.  The  AlAs  appears  to  be  well  confined,  with  relatively  little 
interdiffusion  into  the  adjacent  AlSb  layers. 


3 co  method,33  a  metallic  wire  is  deposited  onto  the  sample  to 
act  as  both  a  heater  and  temperature  sensor  when  modulated 
current  passes  through  it.  Since  the  measured  films  are  semi¬ 
conducting,  the  wire  must  be  electrically  insulated  from  the 
sample  surface  to  avoid  current  leakage.  The  electrical  insu¬ 
lation  was  provided  by  thin  (83-100  nm)  SirNv  films  depos¬ 
ited  onto  the  samples  by  plasma  enhanced  chemical  vapor 
deposition  at  150  °C.  In  the  differential  3<w  method,  the  tem¬ 
perature  drop  across  the  film  of  interest  is  measured  experi¬ 
mentally  by  taking  the  difference  in  temperature  rise  between 
similar  heaters  deposited  on  the  sample  and  a  reference  with¬ 
out  the  film.  The  experiments  are  carried  out  over  a  fre¬ 
quency  range  where  the  measured  temperature  drop  is  fre¬ 
quency  independent.  The  thermal  conductivity  of  the  film  is 
extracted  from  the  best  fit  between  the  measured  temperature 
drop  and  predictions  of  a  heat  conduction  model,  using  the 
unknown  thermal  conductivity  of  the  film  as  a  fitting  param¬ 
eter.  Since  heat  spreading  and  effects  associated  with  the 
substrate/film  thermal-conductivity  contrast  must  be  taken 
into  account  for  this  configuration,34  a  two-dimensional  heat 
conduction  model34,35  was  used.  The  fitting  also  employed 
experimentally  measured  values  for  the  thermal  conductivity 
of  the  substrate  and  SivNv ,  which  were  determined  by  fitting 
the  frequency  dependent  temperature  rise  of  the  heater  de¬ 
posited  on  the  reference  sample.  The  advantage  of  the  differ¬ 
ential  technique  is  that  the  measured  thermal  conductivity  of 
the  film  of  interest  is  relatively  less  affected  by  uncertainties 
associated  with  the  thermal  properties  of  the  substrate  and 
insulation  layer. 

The  experiments  were  carried  out  at  temperatures  be¬ 
tween  80  and  300  K.  Calibration  of  the  temperature  coeffi¬ 
cient  of  resistance  for  the  metallic  wires  was  performed  dur¬ 
ing  the  slow  warmup  of  the  cryostat.  The  3  co  voltage  was 
measured  by  a  lock-in  amplifier,  and  the  data  acquisition  and 
control  were  computer  automated. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  2  shows  examples  of  the  experimental  (points) 
frequency-dependent  temperature  amplitude  measured  at  80 
and  300  K,  for  the  case  of  10-/rm-wide  heaters  deposited  on 
the  GaSb  substrate  reference  and  the  Al0  9Ga01As0  .07Sbo.  .93 
quaternary  alloy  film.  The  temperature  difference  measured 
between  the  sample  S  and  the  substrate  reference  R,  which  is 
constant  over  this  frequency  range,  is  used  to  determine  the 
thermal  conductivity  of  the  alloy  film.  The  curves  in  Fig.  2 
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FIG.  2.  Experimental  temperature  amplitude  as  a  function  of  modulation 
frequency,  measured  at  80  and  300  K  for  10  /zm  heaters  and  temperature 
sensors  deposited  on  the  reference  GaSb  substrate  R  and  on  the 
Alo  9GaojAso.07Sbo.93  quaternary  alloy  sample  S. 

show  the  modeled  heater  temperature  rise  using  fitted  values 
for  the  thermal  conductivities  of  the  substrate,  insulation 
layer,  and  alloy  film. 

The  temperature-dependent  cross-plane  thermal  conduc¬ 
tivities  are  shown  in  Fig.  3  for  all  three  films:  AlAs007Sb093 
(boxes),  Al0  9Ga0  9As0  07Sb0  93  (crosses),  and  the 
(AlAs)j /(AlSb)n  superlattice  (triangles).  The  experimental 
uncertainty  of  the  measured  thermal  conductivity  is  —20% 
for  the  ternary  alloy  film  and  —10%  for  the  quaternary  alloy 
and  superlattice  films.  The  thermal  conductivities  of  binary 
III-V  compounds  typically  peak  at  10-30  K  and  have  a  1  IT" 


TEMPERATURE(K) 

FIG.  3.  Temperature-dependent  thermal  conductivities  of  the  three  films. 
The  experimental  results  (points)  are  compared  with  predictions  for  the  bulk 
thermal  conductivity  of  the  alloys  at  room  temperature  (arrows)  and  of  the 
superlattice  (curves)  assuming  upper  (p=  1  means  specular  scattering)  and 
lower  (p=0  means  diffuse  scattering)  limits  on  the  specularity  of  the  phonon 
scattering  at  the  superlattice  interfaces. 


TABLE  I.  Comparison  of  thermal  conductivities  at  300  K  from  this  work 
with  earlier  related  results. 


Lattice 

match 

k  (300  K) 
(W/mK) 

Reference 

AlSb 

57 

10 

AlAs 

91 

10 

GaSb 

33 

10 

AlAS0.56Sbo.44 

InP 

4.2 

10 

Alo.iGa0  9As0  52Sb0  48 

InP 

3.2 

13 

(InAs)  [ ,/ (AlSb)  10SL 

GaSb 

2.7-3. 3 

19 

Al0  2Ga0.8As0.02Sb().98 

GaSb 

18.2 

14 

Alo.27Gao.73ASo.03Sbo.97 

GaSb 

10.5 

14 

AI0.5 i Gao  49 Aso.05Sbo.95 

GaSb 

7.7 

14 

Alo.9Gao.lASO.09sbo.93 

GaSb 

7.1 

this  work 

AlAs0  07Sb0. 93 

GaSb 

9.8 

this  work 

(AlAslj/lAlSbjm 

GaSb 

7.3 

this  work 

dependence  (with  n  =  1  - 1 . 5)  in  the  80-300  K  range.  By 
comparison,  the  studied  films  have  a  much  weaker  depen¬ 
dence  on  temperature,  as  is  typical  when  mechanisms  other 
than  phonon-phonon  scattering  dominate  the  thermal  trans¬ 
port.  Moreover,  the  thermal  conductivities  are  much  lower 
than  those  of  the  binary  (Al,Ga)/(As,Sb)  compounds.  This 
may  be  seen  from  Table  I,  which  compares  the  present  re¬ 
sults  at  300  K  with  earlier  data  for  related  binaries,  ternaries, 
quaternaries,  and  superlattices.  For  example  at  300  K,  the 
thermal  conductivities  of  the  binaries  range  between  33 
W/mK  for  GaSb  to  91  W/mK  for  AlAs,36  while  the  corre¬ 
sponding  values  measured  in  the  present  experiments  are 
—  10  W/mK  for  the  ternary  alloy,  and  —7  W/mK  for  the 
quaternary  alloy  and  the  superlattice. 

For  comparison.  Fig.  3  also  shows  theoretical  predic¬ 
tions  for  the  two  alloys  at  room  temperature  (arrows)  and  for 
the  superlattice  as  a  function  of  temperature  (curves).  The 
theory  for  bulk  alloys  at  T  above  the  Debye  temperature  is 
taken  from  the  phenomenological  model  of  Abeles,12  which 
includes  normal  and  Umklapp  three-phonon  anharmonic  pro¬ 
cesses  as  well  as  alloy-disorder  scattering  induced  by  strain 
and  mass-point  defects.  The  calculation  employs  an  interpo¬ 
lation  scheme 10,36,37  based  on  the  thermal  resistivities  of  the 
binary  compounds  along  with  nonlinear  contributions  (bow¬ 
ing  parameters)  associated  with  the  random  distribution  of 
atoms  on  the  sublattice  sites.  The  binary  thermal  resistivities 
and  values  for  the  bowing  parameters  are  taken  from  Ref.  10. 
The  predicted  room-temperature  thermal  conductivities  for 
AIAsq  Q7Sbo  93  and  Al99GaQ  jAsQQ7SbQ93  are  15  and  11 
W/mK,  respectively,  whereas  both  measured  values  are 
=65%  of  the  respective  predictions.  Three  possible  explana¬ 
tions  for  the  measured  thermal  conductivity  reduction  are 
discussed  below.  Since  the  present  samples  are  actually  thin 
films  (0.62  and  1.3  /rm),  size  effects  due  to  the  interface 
scattering  of  long-wavelength  phonons  may  have  contributed 
to  a  reduction  of  k.  However,  this  explanation  is  probably 
unlikely  in  the  view  of  a  recent  experimental  report,38  indi¬ 
cating  the  dominance  of  alloy  scattering  mechanisms  in  the 
thermal  conductivity  reduction  of  SiGe  alloy  superlattices. 
Another  possibility  is  that  the  theoretically  derived  bowing 
parameter  for  AlAsSb  needs  to  be  adjusted  upward.  This 
procedure  would  lead  to  much  better  agreement  with  theory 
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for  both  the  ternary  and  quaternary  alloys,  since  the  AlAsSb 
bowing  affects  the  thermal  resistance  in  both.  The  present 
measurements  imply  a  thermal-resistivity  bowing  parameter 
of  130  cm  K/W.  The  earlier  data  in  Ref.  13  are  consistent 
with  values  nearly  as  high,  in  the  90-100  cm  K/W  range, 
whereas  the  theoretical  value  from  Ref.  10  is  65  cm  K/W. 
The  most  likely  explanation  for  the  measured  thermal  con¬ 
ductivity  reduction  is  based  on  the  interface  thermal  resis¬ 
tance  between  the  measured  films  and  the  GaSb  substrate. 
The  film- substrate  interface  thermal  resistance  is  not  sub¬ 
tracted  by  the  differential  measurement  technique,  and  there¬ 
fore  is  included  in  the  measured  thermal  resistance  of  the 
film.  Comparing  the  predicted  thermal  resistance  of  the  alloy 
films  with  the  experimental  values  measured  at  room  tem¬ 
perature,  the  interface  thermal  resistance  is  estimated  to  be 
—  2.1  X  10-8  Km2  W~ 1  for  the  ternary  alloy  and  —6.8 
X  10~8  Km2  W~ 1  for  the  quaternary  alloy.  These  values  are 
of  the  same  order  of  magnitude  as  measured  for  the  interface 
thermal  resistance  between  dielectric  films  and  Si  substrate.39 
However,  additional  measurements,  e.g.,  on  bulk  alloy  layers 
or  on  films  with  different  thicknesses,  are  needed  to  resolve 
which  of  the  three  mechanisms  are  responsible  for  the  mea¬ 
sured  thermal  conductivity  reduction  in  the  alloy  layers. 

One  model  for  thermal  transport  in  superlattices  is  based 
on  the  thermal  boundary  resistance  (TBR)  at  the  interface 
between  two  adjacent  layers.40  The  phonon  transmisivity  at 
each  interface  depends  on  such  material  parameters  as  the 
density,  specific  heat,  bulk  thermal  conductivity,  and  phonon 
spectra,  as  well  as  the  specularity  parameter  p.  That  param¬ 
eter  represents  the  fraction  of  phonons  impinging  on  the  in¬ 
terface  that  are  scattered  specularly  (reflected  and  transmit¬ 
ted),  hence  its  value  must  be  between  p= 0  (totally  diffuse) 
and  p=  1  (totally  specular).  The  temperature-dependent 
theory  curves  in  Fig.  3,  which  correspond  to  both  of  those 
limits,  indicate  that  the  thermal  conductivity  derived  from 
the  TBR  model  for  the  (AlAs)[  /(AlSb)u  digital-alloy  super¬ 
lattice  is  too  small  by  almost  1  order  of  magnitude.  A  pos¬ 
sible  explanation  for  this  discrepancy  is  phonon  tunneling, 
which  may  contribute  significantly  to  the  heat  transfer  across 
1-2  ML  of  AlAs.  The  increase  of  heat  transport  across  very 
thin  superlattice  layers  was  predicted  by  models  based  on  the 
phonon-wave  approach,  such  as  lattice  dynamics 
simulations24  25  and  acoustic  wave  propagation  across  super¬ 
lattice  interfaces.31 

Thus  while  k  for  the  digital-alloy  superlattice  is  consid¬ 
erably  smaller  than  the  bulk  binary  values,  as  expected,  it  is 
only  moderately  lower  than  that  for  the  random  alloy  with 
the  same  average  composition.  And  significantly,  it  is  much 
higher  than  one  would  obtain  from  an  extrapolation  of  the 
phonon  transport  models  for  thicker-period  superlattices  to 
the  short-period  limit,  which  is  consistent  with  recent  theo¬ 
retical  predictions.24'25'31  Of  course,  the  XSTM  results  (Fig. 
1)  clearly  show  that  the  present  structure  does  not  represent  a 
perfect  digital-alloy  superlattice  with  the  As  atoms  confined 
strictly  to  a  single  monolayer. 

CONCLUSIONS 

The  thermal  conductivities  of  ternary  AlAs0  07Sb0  93 , 
quaternary  Al0.9Gao.iAs0.o7Sbo.93 ,  and  (AlAs)i /(AlSb)n 


digital-alloy  superlattice  films  have  been  measured  between 
80  K  and  room  temperature.  Over  this  range  the  observed  ks 
are  nearly  independent  of  T,  since  mechanisms  other  than 
phonon-phonon  scattering  dominate  the  thermal  transport.  At 
room  temperature  the  thermal  conductivities  of  the  alloys  are 
=35%  smaller  than  the  values  expected  from  a  bulk  model. 
The  most  likely  explanation  for  the  measured  thermal  con¬ 
ductivity  reduction  is  the  existence  of  a  small  (2. 1-6. 8 
X  1 0  x  Km2  W  1 )  interface  thermal  resistance  between  the 
alloy  films  and  the  GaSb  substrate.  The  thermal  conductivity 
of  the  (AlAs)i /(AlSb)n  superlattice  is  30%  smaller  than 
that  of  the  AlAs0  07Sb0  93  alloy,  despite  similar  average  com¬ 
positions.  However,  the  superlattice  result  exceeds  consider¬ 
ably  the  thermal  conductivity  predicted  by  a  theory  for  the 
thermal  boundary  resistance  across  superlattice  interfaces, 
possibly  due  to  phonon  tunneling  through  the  thin  AlAs  lay¬ 
ers.  From  the  device  development  standpoint,  it  is  quite  en¬ 
couraging  that  this  finding  runs  counter  to  the  usual  trend  of 
decreasing  k  with  decreasing  superlattice  layer  thickness. 
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